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GENERAL INIRODUCIION 
The sol-gel process has been extensively studied in the past decade 
due to its potential to produce glass and ceramic materials having high 
purity and chemical homogeneity; novel compositions and microstructures, 
and lower processing temperatures are also possible (1,2). However, the 
relatively high cost of raw materials, coupled with the problems associated 
with drying stresses, ineffective removal of volatiles, health hazards of 
organic solutions, and long processing times has limited the widespread use 
of sol-gel processing in the production of bulk glasses and ceramics. The 
most natural application of this processing method appears to lie in the 
production of coatings and thin films because the attractive features of sol-
gel processing can be exploited without experiencing many of the 
disadvantages cited above. For coatings and thin films, the cost of the raw 
materials is relatively unimportant; rapid drying can be employed without 
cracking: the elimination of volatiles is comparatively easy; and the final 
products normally can be obtained within hours. In addition, rather simple 
and commercially viable processing methods, such as dip coating, spin 
coating, spraying, and roller coating, can be used to coat substrates of 
nearly any size and geometry. 
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Sol-gel processing potentially can be utilized in the production of 
microelectronic materials and devices. Barium titanates with Ti/Ba > 4 
potentially are excellent materials for manufacturing microwave resonators. 
Ba2Ti9O20 and BaTisOn have been reported (3-5) to have superior dielectric 
properties and to be ideal for use in the tele-communication industry as 
dielectric microwave resonators. Although several processes have been 
developed to produce bulk Ba2TigO20 (3,5-10) and BaTigOi i (9,10), no 
method for preparing single phase thin films of these two compounds has 
been reported. Sol-gel processing offers an excellent potential for producing 
these films because of some of the inherent advantages of the processing 
technique. 
Considerable research effort has been devoted towards gaining an 
understanding of hydrolysis, condensation, sol-to-gel conversion (gelation), 
aging, drying, and densification during the sol-gel process. However, only a 
few studies (11,12) have addressed the transformation of sol-gel-derived 
thin films during heat treatment, such as crystallization or phase transition. 
In order to understand the formation of sol-gel derived thin films — and thus 
possibly to control and improve the quality of thin films — it is very crucial 
to develop a more detailed understanding of these phenomena. 
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This dissertation presents research completed with the intentions of: 
1) producing thin films of Ba2Ti902o and BaTigOn by the sol-gel process, 
and 2) investigating the crystallization and/or phase transition processes of 
these films by the theoretical approach of Avrami relationship and the 
experimental techniques of laser Raman spectroscopy and transmission 
electron microscopy. 
The following sections of this dissertation will present a detailed 
review of literature concerning this work and the research completed. 
Literature Review 
Barium titanates with Ti/Ba > 4 -- Ba2TigO20 and BaTigOn 
The Ti-rich region of the Ba0-Ti02 system has been shown to be attractive 
for producing materials which can be used as dielectric microwave 
resonators. A good dielectric microwave resonator should have: (a) a high 
dielectric constant, K, to minimize size, (b) a high Q factor to reduce 
dielectric loss, and (c) a low temperature coefficient for the resonant 
frequency, xf, for frequency stability. Among the phases which can exist in 
the Ti-rich region, compounds with Ti/Ba = 4.5 and 5, i.e., Ba2TigO20 and 
BaTisOii, have the best properties for microwave resonator applications. 
O'Biyan et al. (3,4) reported that at 4 G Hz, K = 39.8, Q > 8000, and Tf = 2 
ppm/°C (tk = -24 ppm/°C) for Ba2TigO20. Ritter et al. (9), using O'Bryan's 
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data, predicted superior dielectric properties (xk = 0) for the compound of 
composition BaTigOn, provided that this material could be formed as a 
single-phase ceramic. 
The ciystallographic data for both Ba2 i i902o and BaTisOn is shown 
in Table I ( 8,13). Tillmanns et al. (8) reported for Ba2Ti9O20 a triclinic cell 
with space group PI and a= 7.471 Â. b= 14.081 Â, c= 14.344 Â, a= 89.94°, 
P=79.43°, and 7^ 84.52°. For BaTigOn. Tillmanns (13) reported a monoclinic 
cell with space group P21/n and a= 7.6691 Â, b= 14.0410 Â, c= 7.5335 Â, 
and p= 98.34°. 
The synthesis of Ba2Ti9O20 was first reported by Jonker and Kwestroo 
(14). They fired a mixture of Ti02 and BaCOs above 1400 °C and concluded 
that Sn02. Zr02 or SrO were required to stabilize this phase. However, by 
calcining the mixture of BaTiOa and rutile below 1300 °C for 192 hours, 
Negas et al. (7) were able to prepare single-phase Ba2Ti902o- Decomposition 
of this phase was believed to occur near 1300 °C. O Bryan and Thomson (5) 
who reacted Ti02 and BaCOs at 1300 °C to 1400 °C to form Ba2Ti902o-
They reported that this phase was stable up to temperatures near 1420 °C. 
Ritter et al. (9) produced Ba2Ti9O20 by sintering the precipitates obtained 
from the hydrolysis of mixed barium and titanium ethoxide precursors 
under controlled conditions. They reported that Ba2Ti9O20 does not begin to 
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Table I. Crystallographic data for Ba2Ti9O20 and BaTigOn 
Ba2Ti9O20 
Structure: Triclinic 
a= 7.471(1) Â 
b= 14.081(2) Â 
c= 14.344(2) Â 
Z = 4  
Space group; PI 
a= 89.94(2)° 
p= 79,43(2)° 
7= 84.45(2)° 
Dx= 4.61 g/cm^ 
BaTisOii 
Structure: Monoclinic 
a= 7.6691(4) Â 
b= 14.0410(8) Â 
c= 7.5335(5) Â 
Z = 4  
Space group: P21/n 
a= 90° 
b= 98.34(1)° 
7= 90° 
Dx= 4.575 g/cm^ 
form until BaTisOn begins to decompose. They also reported that if a 
mixture of barium and titanium species is hydrolyzed within 5 minutes after 
mixing, a precursor is produced which is disposed to form Ba2Ti9O20. 
BaTigOii, and BaTi^Og when heated to 1100°C: prolonged heating can 
convert all of this material to Ba2Ti9O20- However, for different hydrolysis 
conditions, they found that only BaTi409 and BaTigOn phases could be 
detected for the same heat treatment. Using a liquid mixing technique, 
Javadpour and Eror (10) prepared Ba2TigO20 by firing the material 
produced by reacting barium carbonate with tetraisopropyl titanate in an 
ethylene glycol-citric acid solution. They found that the 2:9 precursor 
crystallized into a mixture containing BaTi409 and BaTigOn when heat-
treated between 700 °C and 1100 °C for 4 hours. After the sample is heated 
at 1200 °C for 6 hours, the resulting material was mainly BaTi409. Similar 
to Fitter's result, Ba2Ti9O20 was obtained only after prolonged heating at 
1200 °C. The phase behavior of Ba2Ti9O20 at temperatures between 700°C 
and 1400°C can be well represented by the pahse diagram (Figure 1) 
proposed by Ritter (9). 
The synthesis of BaTisOn was first reported by Tillmanns (13), but 
single phase material was not obtained. O'Biyan and Thomson (15) 
prepared BaTisOn as the major phase in a mixture of BaTi40g and rutile by 
7 
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Figure 1. Phase diagram of higher titanate phases in the BaTi03-Ti02 
system 
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heating a mixture of 1 part BaO and 5 parts Ti02 at 1100 °C. Ritter et al. (9) 
and Javadpour and Eror (10) reported that they could produce single phase 
material by controlling hydrolysis of ethoxide precursors and by using a 
liquid mixing technique. In their study, Ritter et al. (9) reported that when 
precipitates with Ti/Ba=5 were heated between 700°C and 1100°C for 
extended periods (up to 2 weeks), the product consisted of only BaTisOn. 
They concluded that production of BaTisOn is favored by an alkoxide 
mixing route. They also reported that at 1200 °C, BaTisOn quickly 
decomposed into TiOg, Ba2TigO20 and/or BaTi^Og. Javadpour and Eror (10) 
observed the same stability range for BaTisOn, but they found that at 
1200°C, the 1:5 powders converted to BaTisOn and BaTi^Og: only after 
extensive heat treatment at 1200°C were Ba2Ti9O20 and Ti02 produced. 
Again, the phase behavior of BaTisOn at temperatures between 700°C and 
1200°C can be well represented by the pahse diagram proposed by Ritter (9). 
Although Ba2Ti9O20 and BaTisOn have been successfully synthesized 
as bulk materials, none of these processes has been used to produce 
microwave resonator devices incorporated into integrated circuitry due to 
the complexity of these syntheses and the poor mechanical properties of the 
product (powder). To be useful in modem microelectronic devices, barium 
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titanates should be prepared as thin films or coatings. Of the possible 
processing techniques, the sol-gel method appears to a promising approach. 
Preparation of the thin films of metal Goddes by soilgel process 
This subsection presents the literature concerning the preparation of 
thin films of multicomponent metal oxides by sol-gel process. Particularly, 
preparation of stable sols through hydrolyzing metal alkoxides and 
important process parameters in the preparation are reviewed. 
General process procedure 
The procedure for producing thin films by the sol-gel process is 
outlined in Figure 2. The first and most important step is the production of 
stable sols. After the stable sols are formed, they go through stages of aging 
(gelation) and drying (evaporation of solvent). Then, using certain deposition 
techniques (e.g., spin coating, dip coating, etc.), xerogel films or coatings are 
formed on the substrates. During and after the deposition, the xerogel films 
or coatings undergo further aging and drying to attain a much denser 
structure by crosslinking and mutual penetration (16,17), Finally, the 
xerogel films or coatings are heat-treated under specific conditions in order 
to form the desired materials. 
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°o°Oo° 
S o l  
Spin-coating 
Drying 
X e r o g c l  F i l m  
Heating 
D e n s e  T i l n i  
Figure 2. Thin film deposition by sol-gel process 
11 
Preparation cf mixed odde solstjyalkOKide route 
In order to produce thin films by the sol-gel process, stable sols of the oxide 
precursors must be obtained. The most important method of sol production 
involves hydrolyzing metal alkoxides in nonaqueous solvents. This method 
actually involves two types of competing reactions which proceed 
sequentially and are generally incomplete (18). Initially, a fast hydrolysis 
reaction takes place, 
Hydrolysis -M-OR + H2O -> -M-O-H + ROH fast 
Then, the slower condensation reactions proceed by oxolation and 
alcoxolation (19,20), 
Oxolation -M-OH + HO-M- -4 -M-O-M- + H2O slow 
Alcoxolation -M-OH + RO-M- -> -M-O-M- + ROH slow 
If the rate of hydrolysis is much greater than that of condensation, 
precipitation of a bulk solid phase rather than production of stable sols 
occurs. Acids or bases are needed to regulate the relative rates of hydrolysis 
and condensation in order to avoid precipitation (19-22). Due to the low 
electronegativity of the metal elements in the alkoxides, and thus the high 
reactivity of the metal alkoxides, strict control of moisture and conditions of 
hydrolysis is needed in order to prepare stable sols rather than precipitates. 
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For the production of mixed oxide sols via the alkoxide route, there 
are generally two approaches: 
1) hydrolysis of mixed-alkoxide solution, 
2) sequential addition of alkoxides to partially hydrolyzed precursors. 
The first method was invented by Dislich (23,24) for preparing an eight-
component glass. The idea is to form a complex via alcolation that contains 
all the metal elements with desired stoichiometry. Hydrolysis then converts 
the complex to an oxy-hydroxide or oxide that is homogeneous at the atomic 
level. However, due to different electronegativities of different metals, the 
hydrolysis rate of alkoxyl group on different metal will be different. Hence 
hydrolyzing the mixed-alkoxide solution may lead to microscopic 
heterogeneities (25,26). 
The second approach, sequential addition of alkoxides to partially 
hydrolyzed precursors, was invented by Thomas (27) and popularized by 
Yoldas (26,28). In this process, alkoxides are added in the reverse order of 
their respective reactivities with water (least reactive precursor is hydrolyzed 
first) and a partial hydrolysis step is performed after each addition. The idea 
is that the newly added, unhydrolyzed alkoxide will condense with partially 
hydrolyzed sites on the polymeric species formed by the previous hydrolysis 
steps (heterocondensation rather than homocondensation). However, unlike 
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the previous method which predicted molecular-scale uniformity, the 
homogeneity of the product will depend on the size of the polymeric species 
to which the last compound is added. Also, it is reported (29) that 
destablization and hence precipitation of the polymeric species may occur 
during the addition of the unhydrolyzed alkoxide. In order to obtain high 
homogeneity and to avoid destablizing effects, strict control of the conditions 
at which alkoxides are hydrolyzed and added is crucial. 
The parameters that affect the stability of sols during the preparation 
are: 
(1) selection of starting materials, 
(2) selection of solvent, 
(3) water to alkoxide ratio, 
(4) catalyst selection, 
(5) catalyst amount, 
(6) system dilution, 
(7) reaction temperature, 
(8) extent of mixing. 
The condensation process involves diffusion of partially hydrolyzed species. 
The diffusion rate depends on both the size of the alkoxyl groups attached to 
these species and the mobility the species in the solvent (22): the bigger the 
size of the alkoxyl group and the less mobile the species in the solvent, the 
slower the diffusion process and the condensation reaction, which 
eventually leads to precipitation. The choice of solvent will also affect the 
diffusion rate and the stability of the sol. Solvents with higher dielectric 
constants and lower dipole moments induce higher net repulsive 
interactions between sol particles and thereby produce stable sols (20,30). 
Low water-to-alkoxlde ratios (under stoichiometry) produce primarily linear 
or randomly branched polymer complexes under acid catalyzed conditions 
while high water-to -alkoxide ratios lead to the promotion of hydrolysis and 
hence precipitation (28,31,32). Depending on the charge on the surface of 
the sol, either an acid or a base needs to be used as catalyst in order to 
avoid the point of zero charge for the sol particles and prevent particle 
flocculation and precipitation (20,30). Although the addition of the catalyst 
is necessary to promote the condensation reactions and to prevent 
precipitation, an excess amount of catalyst will decrease the repulsive forces 
between the sol particles due to the increase in the ionic strength of the 
solution; this can also lead to precipitation (20,30). By diluting the system, 
not only the rate and the extent of hydrolysis can be reduced to avoid 
precipitation, but also the repulsive forces and the separation between the 
sol particles can be increased, which enhances the stability of the sols 
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(20.28,30). Increasing the reaction temperature enhances both the rate of 
particle collisions and the probability of a collision leading to sticking, both 
of which enhance the chance of precipitation (20,30). Finally, poor mixing of 
reactant solutions results in regions of high reactant concentration, which 
causes hydrolysis to dominate compared to condensation and leads to 
precipitation. 
Lnpartant process parameters of thin film production l^satgel process 
Like many reaction processes, the properties of sol-gel thin films are 
affected by the reaction conditions at various stages of the sol-gel process. 
The most important process parameters for sol-gel thin film production are: 
(1) water-to-alkoxide ratio. 
(2) selection and amount of catalyst, 
(3) aging time, 
(4) rate of evaporation, 
(5) heat treatment conditions (temperature, time, rate, atmosphere). 
Depending on the pH of the solution (controlled by selection and amount of 
catalyst) and the amount of water used during hydrolysis (i.e., different 
water-to-alkoxide ratio), film structures ranging from dense to highly porous 
can be obtained (17,32), Although aging allows condensation reactions to 
continue in the solution and increases the oxide content in the gel 
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structure, it decreases the flexibility of the gel structure and leads to film 
cracking (20). The rate of evaporation of solvent has been found (16) to play 
an important role in deciding the final structure of the films due to its 
influence on the extent of condensation reactions and the compaction of the 
dry gel film. Finally, film properties such as composition and relative 
density can be altered through variations of heat treatment conditions 
(20,22). 
Study of crystallization and phase transition processes by Avrami 
analysis 
Theoretical background -Avrami equation 
Most reactions in the solid state (including crystallization and phase 
transition) can be empirically described by the Avrami equation, 
X = 1 - exp ( -k t" ) [1] 
where X is the volume fraction of material transformed at time t, n is the 
critical growth exponent which is closely related to the mechanism of 
nucleation and growth of the transformation process, and k is the reaction 
constant which is given by an Arrhenius type of relation 
AE k = V exp (- ) [2] 
where v = frequency factor 
AE = activation energy 
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R = gas constant 
T = reaction temperature in Kelvin 
By obtaining experimental kinetic data (X,t), the growth mechanism of the 
process may be indicated by considering the value of n for the Avrami 
relationship (33). 
In deriving a relationship between the fraction of material transformed 
and the reaction time t under isothermal condition, Avrami (34-36) 
originally made the following assumptions: 
(1) Tiny pre-existing "germ" nuclei (or preferential nucleation sites) are 
uniformly distributed in the old phase. 
(2) These nuclei are consumed either by becoming active growth 
centers or by being swallowed in a growing grain of the new phase. 
(3) When two growing grains of new phase impinge on each other, a 
common interface develops where growth ceases. 
Following these assumptions, Avrami further introduced the concepts of the 
"extended" volume of the transformed region and "phantom" nuclei to assure 
the uniform distribution of nuclei throughout the whole process. The 
extended volume of the transformed region is defined as the volume of the 
transformed material if the growth of any growing grain were unimpeded by 
impingement upon any other grain. The "phantom" nuclei are defined as the 
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germ nuclei which would have been activated into growth if they had not 
been absorbed by the transformed region. 
Consider the following phase transition: 
a -» b 
Let v(t.x) be the volume of a growing grain at time t which began growth from 
a stable nucleus at time x. Then, by definition, the extended volume of the 
product phase b (V^ ) is the sum of the volume of all the growing grains if 
they are Isolated from each other, i.e., 
t 
v L =  J v v C t t j l d x  [ 3 ]  
where I : nucleation rate per unit volume (= - ^ ) 
V : total volume of the system 
N : number of "germ" nuclei available in the system 
Due to the assumption of uniform distribution of "germ" nuclei and the 
concept of "phantom" nuclei, the increase in the extended volume dV^ 
during a period of time dt is related to the real transformed volume dV^ by 
the relationship 
(!¥" = ( l-^ )dVe^  [41 
since only (1- ) of the total extended volume will lie in the previously 
untransformed region and contribute to dV^. Integrating eq. [4] with the 
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assumption that the total volume of the system is constant, a relationship 
between the total extended volume and the true transformed volume 
is obtained, which gives 
V ^ = - V I n ( l - ^ )  =  - V i n (  1 - X )  [ 5 ]  
or alternatively, 
vL X = l - e x p ( - ^ )  [ 6 ]  
yb 
where = X = transformed fraction. 
Combining eq. [3] and eq. [5], a relationship between the transformed 
fraction X and the reaction time t is obtained; 
t 
X = 1- exp ( - J v(t,T) I dT ) [7] 
0 
To obtain an explicit relationship between X and t, both the 
nucleation rate I and the volume of the free growing grain v(t,T) must also be 
explicit functions of t. To simplify the situation, assume that the product 
phase grows isotropically. For isotropic grain growth in i-dimensional space, 
Gi lr(t,t)]^ t > T 
v(t,T) = { [8] 
0 t < T 
where ai : shape constant 
20 
t 
r(t,T) : size of grain (= Ju(y)dy) 
T 
U : growth rate of the grain 
By obtaining I and U as function of time t, the explicit relationship between 
X and t, i.e., Avrami equation, can be obtained. 
Relationship Between Nudeation Rate and Time 
Due to the concept of phantom nuclei, the germ nuclei can only be 
consumed through becoming active growth centers (i.e., stable nuclei). 
Assume that the consumption of germ nuclei follows a classical first-order 
rate process. Thus, the nudeation rate 1 is given by 
where fn is the nudeation frequency. By canying out the integration in eq. 
[9], the number of germ nuclei remaining at time t is given by 
where No is the number of germ nuclei initially present in the system. The 
relationship between the nudeation rate 1 and the time t can then be 
obtained by combining eq. [9] and eq. [10], i.e.. 
[9] 
N = No exp ( - fnt ) [10] 
1 = fn No exp ( - fnt ) [11] 
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Based on the value of fnt, there are three situations that are normally 
observed in the solid state phase transition: 
(1) fnt « 1: In this case, I = fnNo = constant. This implies that the 
nucleation rate is effectively constant throughout the phase 
transition process. 
(2) fnt » 1: In this case, I = - = 0. The zero nucleation rate implies 
that the nucleation process occurs so rapidly that all the germ 
nuclei become stable nuclei at the very beginning of the phase 
transition process. This is called instantaneous nucleation. 
(3) fnt intermediate: In this case, I is certain decreasing function of 
time (e.g., I = ct"^, m < 0). This is called deceleratory nucleation. 
Relationship Between Growth Rate and Tbne 
Two types of growth mechanisms were usually observed in the solid 
state phase transitions, i.e., interface-controlled growth and diffusion 
controlled growth. In the following sections, the growth rate U will be 
evaluated for the two different growth mechanisms. 
(1) Interface-Controlled Growth 
For interface-controlled growth, the rate controlling step for the 
growth process is the transfer of atoms across the interface between the 
parent phase and the product phase. Consider the growth process for the 
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phase transition a -> b (Figure 3a). If we consider the growth to be achieved 
by an atom-by-atom transfer across the interface between phase a and 
phase b, the energy barrier seen by the atom jumping across the interface 
may be represented by Figure 3b. Here AGj is the activation free energy for 
an atomic jump and AG is the free energy change for the phase transition. 
The number of atoms in phase a jumping across unit area of interface per 
unit time is given by 
, AGj 
PanaVaAb exp { - ) 
where pa : the probability that a vibration is directed toward 
phase b 
na : the number of atoms per unit area of interface in 
phase a 
Va : the vibrational frequency of atoms 
Ab : the accommodation coefficient for phase b nucleus 
Similarly, the number of atoms in phase b jumping across per unit area of 
interface is 
PbnbVbAa exp [  ^ ) 
wherein the symbols have the same meaning but refer to phase b. Hence the 
net rate of atomic jumpings from phase a to phase b per unit area of 
interface is given by 
23 
Interface 
a (parent) phase b (product) phase 
Growth Direction 
(a) 
AG 
(b) 
Figure 3. Graphie representation of interface-controlled growth 
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AG] ( — ) net = PaHaVaAbexp ( - ) " 
AGj + AG 
PbnbVbAaexp ( ) [12] 
Consider the most simple case in which all the corresponding coefficients 
are equal, i.e., Pa=Pb=P. na=nb=n, va=vb=v, and Aa=Ab=A. The net rate of 
atomic jumping can then be simplified as 
—) net = pnvAexp ( --^-)[ 1 - exp ( --^) ] [13] 
The rate of advance of the interface, i.e., the growth rate of phase b (U), is 
dn®~^^ 
the product of ( —^— ) net and the volume of an atom in phase b (vb). 
Using eq. [13], the growth rate can be written as 
U = VbpnvAexp (--^-)[ 1 - exp (--^ )] [14] 
Under isothermal condition, every term in the right hand side of eq. [14] is 
constant, i.e., 
U= = Uc = constant [15] 
Integrating eq. [15], the explicit relationship between the size of the growing 
grain and the reaction time is obtained: 
t 
r(t,T) = J Uc dt = Uc(t-T) [16] 
X 
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Hence, for i-dimensional isotropic interface-controlled growth, the 
volume of a free growing grain is given by 
Ci (Uc(t-T)]^ t > T 
v(t,T) = { [17] 
0 t < T 
{2) Diffusion-ContiDlled Growth 
For diffusion-controlled growth, the rate controlling step is the 
diffusion of the atoms in the parent phase to the interface. Consider the 
growth process for the phase transition a -> b (Figure 4a). In this case, the 
diffusion of B atoms in phase a is to be explored. Assume that the two 
phases at the interface have equilibrium compositions, any variation with 
the curvature of the interface being neglected. The variation of composition 
along a line normal to the interface is also assumed to be represented by 
Figure 4b, where Ca and Cy are the concentration of B atoms in phase a and 
phase b, and are the concentrations of B atoms at the interface, and 
Ca is the bulk concentration of B atoms in phase a. 
Let X be the coordinate normal to the interface. Then when the 
interface is at the position x=r^(t), the diffusion flux of B atoms across unit 
area of interface in a time dt is given by 
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X = r(t) 
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C ^  = constant 
Cfa = Cfc = constant 
I 
b Interface a distance 
(b) 
Figure 3. Graphie representation of diffusion-controlled growth 
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where D is the diffusivity of B atoms in phase a. If the interface advances a 
distance dr^ during this time period, the extra number of B atoms in a 
volume of dr^ will be ( ) dr^. By conservation of B atoms, these extra 
B atoms can only come from the diffusion flow. Thus, the two expression 
should be equated, i.e., 
D(-^)x=r^ dt = ( ci - Ca ) dr^ [18] 
From this equation, the growth rate can be obtained: 
In order to obtain the explicit relationship between the growth rate and the 
time, the flux term ( )x=r^ in eq. [19] must be evaluated. To simplify the 
situation, consider the diffusion in one-dimensional space (along x direction 
shown in Figure 4a). Using the concentration profile in Figure 4b, the 
diffusion equation along with the associated initial and boundary conditions 
can be written as 
aca _ a^c 
^  =D-—^ [2 0 ]  
at dx^ 
I.e. Ca(0.x)=Ca 
B.C. Ca(t,rl)=cl 
Ca(t,°o)=Ca 
After solving the equation by the technique of combination of variables, 
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Ca  =  C^-  (  C j  -  Ca  )  [  1  -  e r f{^^ ) ]  
ViDt 
[211 
X 
where erf{x) - J e'U^ du 
VTI 0 
Performing partial differentiation on Ca with respect to x, the flux term in eq. 
[19] can be written as 
, aCa ,  J ( Cr -  Ca )  (-53^)x=r^ = [22] 
Combining eq. [19] and eq. [22], the growth rate can be expressed explicitly 
in terms of t as 
U = dr _ (Ca -CaJ ^ / D 
^ (C;-C'a) ^ 
123] 
Assume the grain under consideration starts to grow from a stable nucleus 
at t = T, the size of the grain at time t can be obtained by integrating eq. [23] 
t 
ri = r(t,x) = J U dt = [ gdd-t) ] 1/2 [24] 
where gd = 
(Cb-c4) 
D 
Hence, for i-dimensional isotropic diffusion-controlled growth, the volume of 
a free growing grain is given by 
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Gi [gd(t-i:)]^^^ t > T 
v(t.x) = { [25] 
0 t < T 
Avrami Ekyiatinn 
Based on the derivations from the previous section, the explicit 
relationship between the transformed fraction X and the time t, i.e., Avrami 
equation, can be obtained. Consider only the three-dimensional isotropic 
growth. The volume of a free growing grain is given by eq. [17] for interface-
controlled growth and eq. [25] for diffusion-controlled growth. Depending on 
the value of the nucleation rate, there are three situations: 
(1) Constant nucleation rate (i.e., fnt « 1): In this case, the transformed 
fraction X is expressed explicitly in terms of time t by integrating 
eq. [7] with adequate expression for the volume of a free growing 
grain. For interface-controlled growth, 
t 
[26] 
For diffusion-controlled growth, 
t 
X = I - exp [ - J a3[gd(t-T)]^''^Idx ) 
= 1 - exp ( - 2cJ3gd I ^5/2 5 ^ [27] 
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(2) Zero nucleation rate (i.e., fnt » 1): In this case, the volume of a free 
growing grain is still given by eq. [17] for interface-controlled 
growth and eq. [25] for diffusion-controlled growth. However, since 
all the germ nuclei become stable nuclei at the very beginning of 
the phase transition, the extended volume of the product phase is 
no longer given by eq. [3]. Instead, the extended volume is given by 
the product of the total number of germ nuclei and the volume of 
a free growing grain, i.e., 
= No v(t,0) f28] 
Hence, the transformed fraction X can be expressed explicitly by 
combining eq. [6] and eq. [28]. Hence, for interface-controlled 
growth 
X = 1 - exp ( - ^ )= 1 - exp ( - ^3^ No ^3 ^ [29] 
For diffusion-controlled growth, 
X = 1 - exp ( -^^) = 1 - exp ( - ^ t^/^ ) m 
(3) Deceleratory nucleation rate (i.e., fnt intermediate): In this case, the 
relationship between the transformed fraction and time should 
have the form that is similar to those for the two extreme cases, 
i.e.. 
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But the exponent should have intermediate value. Thus, for 
interface-controlled growth, 3 < ns < 4, And for diffusion-
controlled growth, 1.5 < ns < 2.5, 
By similar derivation, the relationship between the transformed 
fraction X and the time t, i.e., the Avrami equation, can be obtained for one-
dimensional and two-dimensional isotropic growth processes. The results 
are summarized in Table I. 
In addition to the two growth modes mentioned above, it has been 
shown (33) that Avrami equation is also valid for processes that follow linear 
growth {e.g., polymorphic phase change, recrystallization, etc.) although n 
values refer to different growth situations. Also it has been shown (33,37) 
that Avrami equation can be applied under various situations, e.g., 
increasing nucleation rate, nucleation at special sites, etc. Table II which is 
a supplement to Table I provides the values of n with the associated 
situations. 
Avrami anafysis of phase transition process 
In order to perform a kinetic investigation of the phase transition 
process and to determine the growth mechanism using the Avrami equation, 
the transformed fraction X must be obtained experimentally as a function of 
Table I. Summary of the values of the critical exponent n in the Avrami equation and the corresponding 
mechanisms of nucleation and growth 
Growth mode Interface-controlled growth Diffusion-controlled growth 
Three-dimensional growth 
(1) Constant nucleation Rate 4 2.5 
(2) Zero nucleation Rate 3 1.5 
(3) Deceleratory nucleation Rate 3-4 1.5 - 2.5 
Two-dimensional growth 
(1) Constant nucleation Rate 
(2) Zero nucleation Rate 
(3) Deceleratory nucleation Rate 
3 
2 
2 - 3 
03 M 
2.0 
1.0 
1.0 - 2.0 
Two-dimensional growth 
(1) Constant nucleation Rate 
(2) Zero nucleation Rate 
(3) Deceleratory nucleation Rate 
2 1.5 
1 0.5 
1 - 2  0 . 5  -  1 . 5  
Table II. Summary of the values of the critical exponent n in the Avrami equation and the corresponding 
mechanisms of nucleation and growth for special situation 
(a) Polymorphic changes, discontinuous precipitation, interface controlled growth, etc. 
Conditions n 
Increasing nucleation rate > 4 
Constant nucleation rate 4 
Decreasing nucleation rate 3-4 
Zero nucleation rate (saturation of point sites) 3 
Grain edge nucleation after saturation 2 
Grain boundary nucleation after saturation 1 
(b) Diffusion controlled growth 
Conditions n 
All shapes growing from small dimensions, increasing nucleation rate >2.5 
All shapes growing from small dimensions, constant nucleation rate 2.5 
All shapes growing from small dimensions, decreasing nucleation rate 1.5-2.5 
All shapes growing from small dimensions, zero nucleation rate 1.5 
Growth of particles of appreciable initial volume 1-1.5 
Needles and plates of finite long dimensions, small in comparison with their separation 1 
Thickening of long cylinders (needles) (e.g. after complete end impingement) 1 
Thickening of very large plates (e.g. after complete end impingement) 1 
Precipitation on dislocations (very early stages) ~ 0.667 
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the reaction time t. Of the experimental techniques available, laser Raman 
spectroscopy (LRS) is an attractive technique for the study of phase 
transition of thin film materials (11,12,38). Raman spectra can display 
specific localized bonding and structural information. Spectra are 
characteristically sensitive to the perturbations in chemical bonding caused 
by changes in temperature and pressure encountered in the phase 
transition process. Thus, the changes in the Raman spectra during the 
transformation process can provide information about the identity, 
crystallinity, and relative amount of the transformed material. Since the 
intensity of the Raman scattering is directly proportional to the number of 
scattering centers present in the volume illuminated by the laser beam, the 
transformed fraction X(t) can be evaluated from the intensity of the Raman 
bands (39). By monitoring the changes in the spectral intensity during the 
phase transition process, quantitative data can be obtained to establish the 
n value in Avrami equation. 
It is evident from the Table I and Table II that a kinetic investigation 
alone which is limited to the establishment of the value of n in the Avrami 
equation does not give sufficient information for the growth habit to be 
deduced. Hence, additional experimental information is needed to 
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supplement the Avrami analysis if the mechanism of nucleation and growth 
is to be determined for the phase transition process. 
Transmission Electron microscopy (TEM) is very attractive for 
providing this additional experimental information since it is capable of 
providing detailed morphological and compositional information at the sub-
micron level ( typical thickness for many thin film applications). Information 
such as number, size, shape, and position of the nuclei in the film during or 
after the phase transformation can be obtained from transmission electron 
microscopy to determine the growth habit of the process. Through the 
combination of LRS and TEM characterization, complete determination of 
the mechanism of nucleation and growth of the phase transition process 
can be achieved by Avrami analysis. 
Research Objectives 
Although Ba2Tig02o and BaTigOn were reported as potentially 
excellent materials for manufacturing microwave resonators used in the 
telecommunication industry, neither of these two materials has been used 
in microelectronic devices, due in part to the fact that both the conventional 
processes (e.g., solid state reaction) and current sol-gel processes developed 
are not capable of producing them as thin films or coatings. The first 
objective of this research is to develop a sol-gel process capable of producing 
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homogeneous thin films of both Ba2TigO20 and BaTisOn. The method to be 
used to produce stable sols with desired Ba-to-Ti ratios is a modified version 
of the second approach mentioned in the previous literature review, i.e. 
sequential addition of alkoxides to partially hydrolyzed precursors. Since 
stable sols are required for the deposition of thin films, the effect of the 
processing parameters on the stability of the sol will also be investigated. 
The xerogel films obtained on the substrates after the deposition 
process are amorphous: specific heat treatments are needed to transform 
these films into crystalline materials. During this annealing, crystallization 
and phase transitions occur. In order to develop a better understanding 
towards the formation of the sol-gel derived thin films — and thus possibly a 
strategy for controlling and improving the quality of these films — it is 
essential to obtain fundamental information about these transformation 
processes. Thus, the second objective of this research is to investigate the 
crystallization and phase transitions of the sol-gel derived Ba2TigO20 and 
BaTisO 11 thin films during heat treatment. In this research, the method 
used to investigate the crystallization and phase transition of the sol-gel 
derived thin films is based on the theoretical approach proposed by Avrami 
combined with experimental techniques utilizing laser Raman spectroscopy 
and transmission electron microscopy. 
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Explanation of Dissertation Format 
This dissertation contains three sections, each written in a form 
suitable for publication in a technical journal. A general introduction has 
been included to orient the reader to the scientific relevance of this work. A 
reference list is provided at the end of each section. References cited in the 
general introduction are given at the end of the dissertation. The research 
presented in each section represents original work conducted by the author. 
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PAPER I. SOL-GEL PROCESS FOR THE PREPARATION OF Ba2TigO20 
AND BaTisOii 
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ABSTRACT 
Barium titanate precursors with Ba/Ti ratio 2:9 and 1:5 were 
prepared by first hydrolyzing titanium alkoxide and then mixing the 
resulting titania sol with a barium alkoxide-methanol solution. After drying, 
the xerogels of the precursors of barium titanates were sintered at 
temperatures from 700°C (4 hours) to 1200°C (110 hours or longer). 
Characterization of the product was performed using X-ray diffraction and 
laser Raman spectroscopy. At 700°C, BaTisOn was formed from the 1:5 
precursor and a two-phase mixture of BaTi205 and BaTisOn was formed 
from the 2:9 precursor. After prolonged heating at 1200°C, the latter 
mixture converted to a single phase material, Ba2Ti9O20-
41 
INTRODUCTION 
The Ti-rich region of the Ba0-Ti02 system has been shown to be 
attractive for producing materials which have excellent dielectric properties 
for use as microwave resonators. A good dielectric microwave resonator 
should have: (a) a high dielectric constant, K, to minimize its size, (b) a high 
Q factor to reduce dielectric loss, and (c) a low temperature coefficient of 
resonant frequency, xf, for frequency stability. Among the barium titanate 
materials which exist in the Ti-rich region, compounds with Ti/Ba = 4.5 and 
5. i.e., Ba2Ti902o and BaTisOn, have superior dielectric properties for 
microwave resonator applications. O Bryan et al. (1,2) reported that at 4 G 
Hz, K = 39.8, Q > 8000, and if = 2 ppm/°C (tk = -24 ppm/°C) for Ba2Ti9O20-
Ritter et al. (3), using O'Bryan's data, predicted excellent dielectric 
properties (tk= 0} for the compound BaTigOn, provided that this material 
could be formed as a single-phase ceramic. 
Barium titanates with Ti/Ba > 4 have been prepared previously by a 
variety of techniques. O'Bryan et al. (1,4,5), Negas et al. (6), and Tillmanns 
et al. (7) prepared Ba2TigO20 by solid state reaction of BaCOa (or BaTiOs) 
with Ti02 at temperatures ranging from 1100 to 1400 °C. Ritter et al. (3) 
produced both Ba2Ti902o and BaTisOn by sintering the precipitates 
obtained from the hydrolysis of mixed barium and titanium ethoxide 
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precursors at controlled conditions. Using a liquid mixing technique, 
Javadpour and Eror (8) prepared both Ba2Ti9O20 and BaTigOn by firing the 
material produced by reacting barium carbonate with tetraisopropyl titanate 
in an ethylene glycol-citric acid solution. However, due to the complexity of 
these syntheses and the poor mechanical properties of the product (powder), 
none of these processes are amenable to producing microwave resonator 
devices incorporated into integrated circuitry. 
To be useful in modem electronic devices, Ba2Ti9O20 and BaTigOn 
should probably be prepared as thin films or coatings. Of the possible 
processing techniques, the sol-gel method appears to be a promising 
approach. Although there are a number of publications dealing with sol-gel 
derived BaTiOs thin films, only a few reports (9,10) are concerned with the 
production of Ti-rich barium titanate thin films. Dosch (9) indicated that 
stable sols—and hence, thin films-of barium titanates with Ti/Ba ratio 
higher than 1 could be formed by reacting titanium isopropoxide with a 
dilute methanol solution containing barium hydroxide. However, this 
method could not be used to produce stable sols of the precursors of barium 
titanates with Ti/Ba > 4. Using hydrolytic decomposition of alcoholic 
solutions of barium ethoxide and titanium ethoxide, Yanovskaya et al. (10) 
could produced BaTiOs films or mixed polytitanate films (BaTiOg, BaTi205, 
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BaTisOy, and BaTi^Og): thin films of Ba2Ti9O20 and BaTigOn were not 
produced. 
In this report, a new sol-gel technique is presented which produces 
stable sols of the precursors of the barium titanates with Ti/Ba > 4. 
Following various heat treatments, X-ray diffraction and laser Raman 
spectroscopy were used to characterize the resulting materials. 
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EXPERIMENTAL PROCEDURE 
Starting materials 
Barium granules (99.5%, Alfa Products), titanium (IV) ethoxide (95%+, 
Alfa Products), certified absolute methanol (99.9%, Fisher), and absolute 
ethanol (99.9%) were used without further purification. Hie titanium 
content of titanium ethoxide was determined (as Ti02) by hydrolysis in 
ammoniacal ethanol followed by precipitation and calcination at 730°C to a 
constant weight. The analysis was 4.210 (± 0.004) mmol of Ti/g titanium 
ethoxide. 
Preparation of titania sol 
5.0 g of titanium ethoxide was dissolved in 50 ml anhydrous ethanol. 
Another solution composed of 784 ml deionized water and 20 ml nitric acid 
in 50 ml methanol was prepared (corresponding to H20/Ti = 2.0 [slight 
excess] and HNOa/Ti = 0.0149 after hydrolysis). This latter solution was 
then added rapidly to the titanium ethoxide solution, and the mixture was 
vigorously stirred. A clear solution of the titania sol was produced. 
Preparation of titania sol-barium methoxide mixture 
Barium granules (0.579 g for Ti/Ba = 5 and 0.642 g for Ti/Ba = 4.5) 
were dissolved in 60 ml of methanol to form a barium methoxide solution 
(11). The titania sol and the barium methoxide solution were equilibrated in 
45 
an ice bath. A stable titania sol-barium methoxide mixture was obtained by 
rapidly adding the barium methoxide solution to the vigorously stirred 
titania sol. No evidence of turbidity could be observed visually. 
Preparation and characterization of barium titanates 
The titania sol-barium methoxide mixtures were first dried at room 
temperature to form xerogels. The xerogels were then sintered at 
temperatures ranging from 700 to 1200 °C for 4 hours or longer (up to 30 
days). The resulting materials were characterized by Siemens D500 X-ray 
diffractometer (Cu-Ka radiation) and by SPEX 1403 laser Raman 
spectrometer using the 514.5 nm line of a Spectra Physics argon ion laser 
(200 mW at the source). Resolution of the Raman spectra was 5 cm-i. 
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RESULTS AND DISCUSSION 
Influence of preparation parameters on the stability of the titania sols 
and titania sol-barium methoxide mixture 
Homogeneous, monolithic barium titanates can be produced by this 
process if sols of the precursors can be stabilized. Reaction conditions which 
lead to the destablizing of the sols—and hence precipitation—should be 
avoided. Use of an acid catalyst and vigorous stirring were found to be 
essential for this preparation. According to Bradley (11), titanium ethoxide 
reacts with methanol according to the ligand exchange reaction 
Ti{OEt)4 + 4 MeOH -> 4 EtOH + Ti(OMe)4(s) 
to produce insoluble titanium methoxide. Although replacing methanol with 
other alcohols as the solution medium could reduce or eliminate the ligand 
exchange, it was found that such substitutions lead to precipitation when 
the titania sol is mixed with the barium methoxide solution. Generally, the 
hydrolysis of alkoxide involves two competing steps: a fast hydrolysis 
reaction and slow condensation reactions. Hydrolysis is necessary to achieve 
condensation. However, when the rate of hydrolysis is much greater than 
the rate of condensation, precipitation occurs. The rate of condensation can 
be promoted by the use of an acid or base catalyst (12,13). For the 
hydrolysis of titanium ethoxide in methanol, it was found that basic 
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catalysts such as ammonia caused precipitation during hydrolysis, but 
acidic catalysts such as nitric acid produced stable titania sols, provided, 
that good mixing conditions were utilized. Poor mixing of the reactant 
solutions results in regions of high reactant concentration, causing 
hydrolysis to dominate over condensation; precipitation inevitably occurs. 
The stability of the titania sol-barium methoxide mixture was 
influenced not only by the parameters involved in the mixing procedure, but 
also by the reaction parameters involved in the production of the titania sol. 
The amount of catalyst used, the mixing temperature, the system dilution, 
the rate of addition of barium methoxide solution, and the extent of mixing 
were all found to be crucial to the production of a stable titania sol-barium 
methoxide mixture. Table I provides a summary of the effects of different 
reaction parameters on the stability of the titania sol-barium methoxide 
mixture. Although use of an acid catalyst was necessary to produce a stable 
titania sol, it was observed that the titania sol-barium methoxide mixture 
became unstable as the amount of acid catalyst— and thus the molar ratio 
HNOs/Ti—increased. Hence, there was only a certain range of catalyst 
concentrations that could be used. It was also found that lowering the 
temperature of the titania sol in an ice bath avoided destablization resulting 
from the addition of the barium methoxide solution. Through this stable 
Table I. Effects of different reaction parameters on the stability of the titania sol-barium methoxide 
mixture* 
HN03 
Ti 
(mol/mol) 
Ti 
solvent 
(mmol/ml)§ 
Titania sol 
solution 
Mixing Temp. 
(°C) 
Solution of titania sol-
Ba(OMe)2 mixture 
0.0149 0.1316 clear, stable -3 clear, stable 
0.0149 0.219 clear, stable -3 precipitation 
0.0149 0.329 clear gelt 
0.0149 0.1316 clear.stable 12 very cloudy 
0.0149 0.1316 clear.stable 23 precipitation 
0 0.1316 precipitation 
0.00149 0.1316 precipitation 
0,00745 0.1316 clear.stable -3 clear, stable 
0.0296 0.1316 clear.stable -3 precipitation 
* The molar ratio of H2O to Ti is slightly greater than 2.0 in all cases. 
§ This serves as an indicator of system dilution and is obtain by dividing the number of mole of Ti used 
by the total amount of solvent used(EtOH+MeOH). 
t The titania sol solution became clear gel within 5 minutes. 
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titania sol-barium methoxide mixture, the production of the precursors of 
the barium titanates with the desired Ti/Ba ratio was then believed to occur 
by the introduction of the barium species into the network of the inorganic 
polymer by condensation reactions. It was also observed that as the system 
became more concentrated (i.e., the molar ratio of Ti/MeOH increased), it 
was more difficult to obtain a stable titania sol-barium methoxide mixture. 
As in the production of the titania sol, vigorous stirring was required to 
avoid precipitation. The rate of addition of barium methoxide solution was 
required to be very rapid (nearly instantaneous) to avoid precipitation. The 
titania sol-barium methoxide mixtures were stable for up to four months 
until gel formation became detectable. 
BaTisOn (1:5 compound) 
Synthesis of BaTigOn was first reported by Tillmanns (14), but single 
phase material was not obtained. O'Bryan and Thomson (15) prepared 
BaTisOii as the major phase in a mixture of BaTi^Og and rutile. Ritter et 
al. (3) and Javadpour and Eror (8) reported that they could produce single 
phase material by the controlled hydrolysis of ethoxide precursors and by 
using a liquid mixing technique. In their study, Ritter et al, (3) reported that 
when precipitates with Ti/Ba = 5 were heated between 700°C and 1100°C 
for extended periods (up to 2 weeks), the product consisted of only 
BaTisOii. They concluded that production of BaTigOi% is favored by an 
alkoxide mixing route. They also reported that at 1200 °C. the BaTisOn 
decomposed into TiOa, Ba2Ti9O20 and/or BaTi^Og. Javadpour and Eror (8) 
observed the same stability range for BaTisOn, but they found that at 
1200°C. the 1:5 powders converted to BaTigOn and BaTi409. Only after 
extensive heat treatment at 1200°C were Ba2Ti9O20 and Ti02 produced. 
In the studies reported here. X-ray powder diffraction (Figure 1) of the 
1:5 material after sintering between 700°C and 1100°C for 4 hours indicated 
that BaTisOii was formed. The material appears to be single phase. (There 
may be some extremely small amounts of impurities present due to the 
inevitable losses of titanium ethoxide and barium methoxide during 
preparation. The same situation occurs for the preparation of the 2:9 
compound.) When heated at 1200 °C for 6 hours, a mixture of BaTisOn and 
Ba2Ti9O20 (much smaller amount) was detected. After prolonged heating at 
1200°C, the BaTisOii decomposed to form a mixture of Ba2TigO20 and 
Ti02, with Ba2TigO20 being the major phase. The stability range of BaTisOn 
obtained in this work generally agrees with results reported by Ritter et al. 
(3) and Javadpour and Eror (8), although the phase behavior at 1200°C 
appears to be slightly different. 
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BaTLO, 
TiO, 
1200 "C 110 hours 
1100 °C 4 hours 
850 °C 4 hours 
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2 THETA 
Figure 1. X-ray diffraction patterns of BaTisOn as a function of 
temperature. 
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The Raman characterization (Figure 2) of materials sintered between 
700 °C and 1100 °C generally agreed with the results of Javadpour and Eror 
(8). The Raman spectrum of the sample heated at 1200 °C for 6 hours 
appeared to be somewhat different. This could be due to the different 
techniques used to produce barium titanates (liquid mixing technique vs. 
sol-gel process). For liquid mixing synthesis, BaTisOn appears to 
decompose more rapidly into BaTi40g: the sol-gel process tends to 
decompose BaTisOn slowly into Ba2TigO20- Prolonged heating at 1200 °C 
tended to produced materials that had similar spectra compared to those 
reported by Javadpour and Eror (8). Table II provides a comparison of the 
phases observed in this study and in the study of Javadpour and Eror 
following the different heat treatments. 
Table II. Summary of the phases detected after heat treatment for the 
Ti/Ba=5 system 
Heat treatment Phases present 
Temp. (°C) Time (hr.) Exp. result Ref. 8 
700 4 BaTisOii BaTisOii 
850 4 BaTisOii BaTisOi 1 
1000 4 BaTisOii BaTisOl 1 
1100 4 BaTisOii BaTisOi 1 
1200 4 BaTi^Og + BaTisOi l 
1200 6 BaTisOii + Ba2Ti9Q20^ 
1200 110 Ba2Ti9020 + TiOg Ba2Ti9O20 + Ti02 
s Small amount. 
Ba2TigO20 (2:9 compound) 
The synthesis of Ba2Ti9O20 was first reported by Jonker and 
Kwestroo (16) who concluded that Sn02, Zr02 or SrO were required to 
stabilize this phase. However, Negas et al. (6) were able to prepare single-
phase Ba2Ti9O20. thereby establishing it as a stable phase for the BaTiOg-
TiOa system. Work by O'Bryan and Thomson (4) later confirmed this result. 
Ritter et al. (3) reported in their study of the controlled hydrolysis of 
alkoxide precursors that Ba2Ti9O20 does not begin to form until BaTisOi i 
begins to decompose. They also reported that if a mixture of barium and 
titanium species is hydrolyzed within 5 minutes after mixing, a precursor is 
produced which is disposed to form Ba2Ti9O20. BaTisOn, and BaTi409 
when heated to 1100°C; prolonged heating can convert all of this material to 
Ba2Ti9O20- However, for different hydrolysis conditions or different mixing 
techniques (e.g., liquid mixing), Ritter et al. (3) and Javadpour and Eror (8) 
found that only 1:4 and 1:5 phases could be detected for the same heat 
treatment. In the current work, xerogels with Ti/Ba=4.5 were sintered for 4 
hours at 700, 850, 1000, and 1100 °C and for 6 hours or longer at 1200 °C. 
The X-ray diffraction characterization (Figure 3) indicated that at 700 °C 
and 850 °C , the material was a mixture of BaTigOi i and BaTi205 (small 
amount). Sintering at 1000°C for 4 hours produced a mixture of BaTigOn 
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Figure 2. Raman spectra of BaTisOn as a function of temperature. 
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1200 "C 110 hours 
1100 °C 4 hours 
1000 C 4 hours 
• 
850 ®C 4 hours 
22 .00  27 .75  33 .50  39 .25  45 .00  
2 THETA 
Figure 3. X-ray diffraction patterns of Ba2TigO20 as a function of 
temperature. 
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and Ba^TiigOao with BaTigOn as the main phase. However, after prolonged 
heating at this temperature (up to 2 days), this material converted to a 
mixture of BaTigO 11 and BaTi409. At 1100°C, BaTisOn and BaTi^Og were 
detected. When heated at 1200°C for 6 hours, the sample was a mixture of 
Ba2Ti9O20. BaTigOii, and BaTi409 (Ba2Ti9O20 being the main component). 
Prolonged heating at 1200°C produced Ba2Ti902o as the sole phase. 
The Raman characterization (Figure 4) indicated that for the 
temperature range between 700 °C and 1000 °C, BaTigOn is present. This 
disagrees with the results of Javadpour and Eror (8) which indicated that 
BaTi409 was the stable species in this temperature range. This difference 
might be attributed to the differences in processing. At 1100 °C, the 
spectrum in our study agrees with that of Javadpour and Eror (8). For the 
sample sintered at 1200 °C for 6 hours, the spectrum in our study showed 
characteristic peaks at 124, 134, 144, 151, and 171 cm'l which indicated 
that the material was a mixture of Ba2Ti9O20. BaTisOn.and BaTi409. The 
spectra reported by Javadpour and Eror showed mainly the characteristics 
of BaTi409. This indicates that the sol-gel process tends to produce 
Ba2Ti9O20 more readily than the liquid mixing process. Table III 
summarizes the phase behavior of the 2:9 compound under different heat 
treatments observed in this study and in the study of Javadpour and Eror. 
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Figure 4. Raman spectra of Ba2Ti902o as a function of temperature. 
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Table III. Summaiy of the phases detected after heat treatment for the 
Ti/Ba=4.5 system 
Heat treatment Phases present 
Temp. (°C) Time (hr.) Exp. result Ref. 8 
700 4 BaTisOi 1 + BaTi205§ BaTisOi 1 + BaTi409 
850 4 BaTisOi 1 + BaTi205§ BaTisOi 1 + BaTi^Og 
1000 4 BaTlsOii + Ba4Tii3030 BaTisOi 1 + BaTi^Og 
1000 48 BaTisOi 1 + BaTL^Og 
1100 4 BaTisOi 1 + BaTi40g BaTisOi 1 + BaTi^Og 
1200 6 Ba2Ti9020 + BaTisOi i + BaTi409 
BaTl409 
1200 110 Ba2Ti9O20 Ba2Tig020 
§ Small amount. 
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CONCLUSION 
It has been demonstrated that stable titania sol-barium methoxide 
mixtures of the precursors of the barium titanates with Ti/Ba > 4 can be 
obtained by mixing titania sols produced by the hydrolysis of titanium 
ethoxide in methanol medium with a barium methoxide solution in an ice 
bath. The phase behavior of the compounds obtained by sintering the 
xerogels with Ti/Ba > 4 at different temperatures closely follows the phase 
diagram of Ritter et al. (3). For Ti/Ba = 5, sintering for 4 hours or longer at 
temperatures between 700°C and 1100°C produced a single-phase material, 
BaTisOii. For samples with Ti/Ba = 4.5, Ba2Ti9O20 was identified as the 
main phase after only 6 hours of heat treatment at 1200 °C. Prolonged 
heating of 2:9 precursors at 1200°C produced single-phase Ba2Ti902o-
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PAPER n. CHARACTERIZATION OF THE GROWTH OF SOL-GEL 
DERIVED Ba-Ti-O THIN FILMS BY LASER RAMAN SPECTROSCOPY 
64 
ABSTRACT 
The phase transformation of sol-gel derived BaTisOn thin films was 
studied by laser Raman spectroscopy. Thin films of the precursors were 
spin-coated on silicon wafers and fused silica plates with platinum or gold 
overlayers. The films were then annealed isothermally, and Raman spectra 
were recorded in situ. Multi-passing of the laser within the thin film 
apparently increased the Raman intensity around 100 fold. This 
enhancement allowed the in situ observation of phase transformation. 
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INTRODUCTION 
Several applications of laser Raman spectroscopy to the analysis of 
thin film compositions and/or phase transformations has been reported [1-
4]. Raman spectroscopy can provide specific localized bonding and 
structural information. For crystalline materials, the local symmetry 
dictated by the chemical bonding and the long-range order determines the 
appearance of vibrational mode characteristics of a particular phase. For 
amorphous materials, vibrational bands may be lower, and intensities may 
be lower. A spectrum is typically observed which is the "envelope" of the 
spectral features associated with the crystalline phase; low-wavenumber 
bands due to lattice vibrations, however, may be completely absent. The 
frequencies of Raman vibrational modes are also rather sensitive to 
perturbations in chemical bonding caused by changes in temperature and 
pressure. Phase transformations or decomposition processes have been 
examined successfully. The speed and the adaptability of the Raman 
technique also facilitate in situ characterization of time-dependent 
phenomena. 
Laser Raman spectroscopy has been successfully used to study the 
phase transformations of thin films of dielectric materials. However, because 
the Raman phenomenon is a second-order effect, signals are inherently 
weak. New detectors such as intensified arrays and charge coupled devices 
have enhanced sensitivity. In addition, special methods involving improved 
scattering symmetry [2,5,6], interference phenomena [7], and resonant 
enhancement [8] have been successful. Even with these approaches, Raman 
studies have been limited to thin films of materials with relatively large 
Raman cross sections, such as TiOg, SiC, BN, and Si3N4 [1-4,9,10]. 
The Ba-Ti-O films examined in our research, Ba2Ti9O20 and 
BaTisOii, have dielectric properties which make them attractive for use as 
microwave resonators [11-13]. A good dielectric microwave resonator should 
have: (a) a high dielectric constant, K, to minimize its size, (b) a high Q 
factor to reduce dielectric loss, and (c) a low temperature coefficient of 
resonant frequency, tf, for frequency stability. O'Biyan et al. [11,12] reported 
that at 4 G Hz, K = 39.8, Q > 8000, and Tf = 2 ppm/°C (tr = -24 ppm/°C) for 
Ba2Tig02o. Ritter et al. [13], using O'Bryan's data, predicted excellent 
dielectric properties (tk = 0) for the compound BaTisOn, provided that this 
material could be formed as a single-phase ceramic. To produce microwave 
resonator devices used in integrated circuitiy, thin films or coatings must 
be prepared. 
Sol-gel preparation techniques have been shown to be capable of 
producing Ba2Tig02o and BaTigOn in bulk form [14]. This work 
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demonstrated, however, that the nature of sol-gel processing requires an 
understanding of crystallization and phase transition phenomena (especially 
during annealing) to assure that desired composition and microstructure 
are produced. In situ laser Raman spectroscopy is a potentially useful 
method for studying the formation of these materials. However, Ba2Ti9O20 
and BaTisOii are weak Raman scatterers, and enhancement of the 
intensities of the scattered radiation is essential if thin films are to be 
characterized. In this report. application of the Raman technique for in situ 
observation of the formation of BaTisO 11 thin films is described, including a 
discussion of the signal enhancement which was observed. 
68 
EXPERIMENTAL DETAILS 
Thin film preparation 
Precursor solutions of BaTisOn were prepared based on previously 
reported study of the synthesis of bulk materials [14]. Films were spin-
coated on the substrates (Integrated Technologies P 6204 Desk-Top Spin 
Coating System) by sequential 0.4 ml applications of (normally three 
repetitions or more were used). Silicon wafers and fused silica plates with 
platinum or gold overlayers were used as substrates. Planar magnetron 
sputtering (Plasmatron Planar Magnetron Sputtering System) was used to 
form the overlayers, using the following conditions: 40 W r.f. power, 5 x 10-3 
Torr, 10 cm^/s Ar, 5 minutes pre-sputtering, and 25 to 40 minutes 
deposition. After the Ba-Ti-O precursor films were spin-coated on the 
substrates, they were heated under different conditions to produce the 
desired thin films. The overall deposition process is summarized in Figure 1. 
In situ Raman cell 
An in situ Raman cell capable of heating thin film samples under 
various annealing conditions was used to perform in situ observation of 
phase transition process of the Ba-Ti-0 thin films during isothermal 
annealing. The details of the in situ cell are shown in Figure 2. Due to the 
high annealing temperature (>1200 °C) required to produce Ba2Ti9020. the 
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Step 1: Sputtering 
Pt or Au 
Step 2: Spin-coating 
Step 3: Heat treatment 
Dry gel film 
Pt or Au 
BaTisOii Film 
Pt or Au 
Figure 1. Overall preparation process of the sol-gel derived BaTisO 11 thin 
film 
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Figure 2. Details of the in situ Raman Cell 
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cell had to endure prolonged heat treatment at high temperature. The 
construction materials used in this cell are high temperature ceramic 
materials (MACOR ceramics and aluminum oxide). The alumina cap 
surrounding the heating cylinder reduced radiative heat loss at high 
temperature. Sapphire windows were used for the cell window because of 
their high temperature stability. 
Resistive heating was used in this cell: the details of the heating 
cylinder in the cell are shown in Figure 3. The heating cylinder was 
constructed of boron nitride and aluminum oxide. Due to the high heat 
conductivity of boron nitride, a section of aluminum oxide cylinder was 
inserted into the boron nitride cylinder to reduce the heat loss. The heating 
elements were Kanthal A1 wires (Kanthal Corporation) which consist of an 
alloy of nickel, chromium, and aluminum and which can be resistively 
heated up to above 1400 °C. A platinum-rhodium thermocouple and a 
CN1204 temperature controller (OMEGA) were used to monitor the 
temperature and to provide temperature programming. 
Characterization of thin film 
Raman spectroscopy was used to monitor the transformation during 
the isothermal annealing. The cell, which held the sample at 75° relative to 
the optical axis (Figure 4), was mounted in the sample chamber of a SPEX 
72 
27 mm 
1^1-25 
15 mm A1203 
15 mm 
Insulation cap 
Refractoiy 
cement 
Lateral View (with insulation cap) 
oo oo 
oo oo 19 mm o o o o  
oo oo > ^ 
O O O O '  
A1203 
Hole for thermocouple 
Holes for heating wires 
Hole diameter: 2 mm 
Hole separation: 1 mm 
Lateral View (without insulation cap) 
Figure 3, Heating cylinder for the in situ Raman cell 
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Figure 4, Optical layout for in situ Raman experiments 
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Triplemate 1877 spectrometer equipped with 1200 groove mm-i gratings 
and an EG&G Princeton Applied Research 1420 silicon diode detector; the 
detector was cooled to -40°C to reduce dark noise. The 514.5 nm line of an 
Argon ion laser (Spectra Physics model 1833) was used to obtain the 
spectra. 
After annealing, the films were also characterized by a Siemens D500 
X-ray diffractometer (Cu-Ka radiation). 
75 
RESULTS 
Raman scattering from thin films of BaTisOn on different substrates 
are compared in Figure 5 and Figure 6; the Raman spectrum of the bulk 
powder is also provided. Use of Pt and Au overlayers increased signals by a 
factor of about 100 compared to the Si wafers, (A peak at 521 cm"l for the 
Si substrate with Au overlayer is due to Si). Similar enhancement was also 
observed for the film deposited on fused silica plate with Pt overlayer. 
X-ray diffraction characterization of the annealed films was also 
performed. For thin films deposited on Si substrates with a Pt overlayer (Si-
Pt substrate), only the presence of platinum, platinum oxide (Pt02), and 
platinum silicide (PtSi) were detected (Figure 7). For thin films deposited on 
fused silica plates with a Pt overlayer (Si02-Pt substrate), the pattern (Figure 
8) indicated the existence of BaTisOi i with random orientation although the 
signal intensity was very weak. Two electron micrographs of the cross 
sections of the annealed thin film (approximately 1000 Â) on Si-Pt substrate 
are shown in Figure 9. The annealing process appear to induce roughening 
as shown by the back scattering image (Figure 9a). 
In situ Raman spectra of thin films of BaTigOn on Si-Pt and Si02-Pt 
substrates during isothermal annealing at temperatures greater than 700°C 
are shown in Figure 10 and Figure 11 respectively. As can be seen from 
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On Si 
1 0 5 0  8 5 0  6 5 0  4 5 0  2 5 0  5 0  
wavenumber  (cm'  ^  
Figure 5. Raman spectra of BaTigOn as powders (collection time = 9 sec) 
and thin films (collection time = 42 min) on different Si substrates. 
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Film 
Powder 
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wavenumber (cm* 
Figure 6. Raman spectra of BaTigOn as powders (collection time = 9 sec) 
and thin film (collection time =168 sec) on a fused silica plate 
with a Pt overlayer. 
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Figure 7. XRD pattern of BaTiSOl 1 thin film on a Si substrate with a Pt 
overlayer. 
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Figure 8. XRD pattern of BaTiSOl 1 thin film on a fused silica plate with a Pt 
overlayer. 
Figure 9. Micrographs of the cross sections of BaTisOn the thin film on 
silcon wafer pre-sputtered with platinum taken by scanning 
electron microscope: (a) back-scattering image; (b) secondary 
image. 
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Figure 10. Raman spectra of BaTisOn thin film on a silicon substrate with a 
Pt overlayer during isothermal annealing at 770°C and after 
annealing. 
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Figure 11. Raman spectra of BaTisOn thin film on a fused silica plate v/ith 
a Ft overlayer during isothermal annealing at 750°C and after 
annealing. 
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both set of spectra, several strong spectral peaks which are characteristic 
bands for BaTisOn emerged during the course of isothermal annealing: 96, 
144, 418 cm"i (shifted to 402 cm'^ during annealing). This evolution 
represented the transformation of thin film of amorphous precursor to 
ciystalline BaTigOn. The utilization of Pt overlayers on Si substrates or fuse 
silica plates not only eliminated any interference from the substrates, but 
also greatly enhanced the intensity of the Raman scattering from the thin 
film. This phenomenon allowed in situ laser Raman spectroscopic studies 
during isothermal annealing. 
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DISCUSSION 
Enhancement mechanism for Raman signal 
The intensity of the Raman spectrum of the BaTigOi i thin film on 
substrates with platinum overlayers was enhanced by more than 100-fold 
over that on the silicon wafer. This enhancement enabled the in situ 
observation of the phase transformation of the thin film during isothermal 
annealing. Based on the following evidence, it was decided that the 
enhancement was associated with multi-passing of the laser probe within 
the film [15,16,17]: 
(1) No enhancement was detected when using back scattering 
geometiy: the enhancement could only be observed when the 
incident angle (the angle between the laser probe and the film 
surface) was less than 20°. 
(2) Minimum thickness (at least 3 layers) was required to observe the 
enhancement. 
(3) The enhancement phenomena could only be observed at some 
positions over the film; apparently, certain refraction and 
reflection conditions were required before enhancement could be 
observed. 
The magnitude of signal enhancement for a multi-passing mechanism 
depends mainly on the distance (D) that the laser probe travels within the 
film [15], i.e., the magnitude of enhancement is proportional to D/t, where t 
Is the thickness of the film. This distance depends on both the refractive 
index of the film and the incident angle of the laser probe: the smaller the 
refractive index and the incident angle, the larger the distance and the 
magnitude of enhancement. In addition, if the incident angle is small 
enough to satisfy the condition of total internal reflection, the distance (and 
the magnitude of enhancement) can be further increased when the laser 
probe is reflected into the film at the film-air interface producing multi-
passing of the laser beam within the film. Enhancement is favored when a 
small incident angle is used. 
Variation of the intensity of Raman spectrum during in situ 
measurement 
Although the technique applied in this work enabled in situ 
observation of the amorphous-to-crystalline transformation of sol-gel 
derived BaTisOn thin film, quantitative Avrami analysis [4,18,19] using the 
intensity changes of the in situ Raman spectra during the isothermal 
annealing was found to be very difficult. For thin films deposited on fused 
silica plates with Pt overlayers, the characteristic Raman bands of BaTigO 11 
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gradually emerged during the isothermal annealing: however, the intensities 
fluctuated or even decreased. The magnitude of the enhancement depended 
on both the reflective index of the thin film and the incident angle of the 
laser probe. For sol-gel derived thin films, the refractive indices were 
reported to change during the heat treatment due to densification and 
crystallization of the film [4,20,21]. The incident angle of the laser probe 
upon the film also changed during the course of heat treatment due to the 
grain growth of crystals although the beam was maintained at a fixed angle. 
These indicated that the magnitude of enhancement could change during 
the annealing process. 
The principle that applies in situ Raman spectroscopy to the 
quantitative study of phase transformation by means of the Avrami 
relationship is that the intensity of the spectrum (I) is directly proportional 
to the conversion (X), i.e., I = kX, where k is a constant. In this work, the 
intensity of the spectrum of the BaTigO 11 thin film depended not only on the 
conversion but also on the magnitude of the enhancement, which changed 
during the annealing. Unless the effect of the enhancement magnitude on 
the spectral intensity is evaluated and calibrated, the intensity data can not 
be directly used to obtain conversion data that is needed for the quantitative 
Avrami analysis. 
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For the thin film deposited on Si-Pt substrates, the intensity of the 
spectrum actually did increase with conversion in some experiments. This 
probably was caused by the change of the interface structure between the 
film and Pt due to the reaction between Pt and Si, which roughened the Pt-
Si interface and mobilized the Pt-film interface through volumetric 
differences (22,23). This combined with the change in refractive index and 
the incident angle during the annealing probably produced the increase in 
the intensity observed in some experiments. Due to the change in interfacial 
structure, refractive index, and incident angle, these spectral intensity data 
can not be used for quantitative Avrami analysis. 
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CONCLUSION 
In situ laser Raman spectroscopy of the formation of thin films of 
BaTisOii was successfully performed using Si wafers and fused silica plates 
with Pt overlayers. The intensity of the Raman scattering was increased by a 
factor about 100. Due to the change of the refraction index of the film and 
the incident angle of the laser probe, the spectral intensity data could not be 
directly used in the quantitative Avrami analysis. 
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PAPER III. PREPARATION AND CHARACTERIZATION OF SOL-GEL 
DERIVED BaTisOii AND Ba2Ti9O20 THIN FILMS 
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ABSTRACT 
Thin films of Ba2Ti9O20 and BaTigOn were prepared by first spin-
coating the precursor solutions onto silicon substrates or fused silica plates 
with platinum overlayers and then annealing the films at different 
temperatures. After the annealing, the films were characterized by X-ray 
diffraction, laser Raman spectroscopy, and transmission electron 
microscopy. BaTisOn thin films formed after being annealed at temperature 
above 700°C , and were found to be polycrystalline and randomly oriented. 
Polyciystalline thin films of Ba2Ti902o formed on fused silica plates with a 
platinum overlayer after prolonged heating at 1100°C, and were shown to 
have preferred orientation along the (OOL) direction. 
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INTRODUCTION 
Ba2Ti9O20 and BaTisOn have been reported to have excellent 
dielectric properties for use as microwave resonators (1,2,3). A good 
dielectric microwave resonator should have: (a) a high dielectric constant, K, 
to minimize its size, (b) a high Q factor to reduce dielectric loss, and (c) a low 
temperature coefficient of resonant frequency, tf, for frequency stability. 
O'Bryan et al. (1,2) reported that at 4 G Hz, K = 39.8, Q > 8000, and tf = 2 
ppm/°C (tk = -24 ppm/°C) for Ba2Ti9020- Ritter et al. (3), using O'Bryan's 
data, predicted excellent dielectric properties (tk = 0) for the compound 
BaTisOii, provided that this material could be formed as a single-phase 
ceramic. 
A variety of techniques has been reported previously to synthesize 
bulk Ba2Ti9O20 and BaTigOn. O'Bryan et al. (1,4,5), Negas et al. (6), and 
Tillmanns et al. (7) prepared Ba2Ti902o by solid state reaction of BaCOs (or 
BaTiOa) with Ti02 at temperatures ranging from 1100 to 1400 °C. Ritter et 
al. (3) produced both Ba2TigO20 and BaTisGn by sintering the precipitates 
obtained from the hydrolysis of mixed barium and titanium ethoxide 
precursors under controlled conditions. Using a liquid mixing technique, 
Javadpour and Eror (8) prepared both Ba2Ti9O20 and BaTisGn by firing the 
material produced from the reaction of barium carbonate with 
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tetraisopropyl titanate in an ethylene glycol-citric acid solution. Lu et al. (9) 
prepared both Ba2Ti9C)20 BaTisOn by sintering the xerogels obtained from 
a precursor solution produced by mixing a pre-hydrolyzed titanium 
ethoxide-ethanol solution with a barium methoxide-methanol solution. 
However, due to the complexity of these syntheses and the poor mechanical 
properties of the product (powder), most of these processes are amenable to 
producing microwave resonator devices incorporated into integrated 
circuitry. 
To be useful in modem electronic devices, Ba2Ti9O20 and BaTisOn 
should probably be prepared as thin films or coatings. Although the 
synthesis of bulk Ba2TigO20 and BaTi^O 11 was veiy successful, only one 
report has been found for the preparation of thin film of these two 
compounds. Karaiwa et. al. (10) produced thin films that contained 
Ba2Tig02o and BaTisOn by first dip-coating silicon wafers presputtered 
with chromium, nickel, and platinum in a hot solution of titanium 
isopropoxide, barium isopropoxide, zirconium isopropoxide, and tin 
isopropoxide in ethanol and methoxyethanol, then heating the films between 
800 and 1300°C to get the crystalline materials. Single phase thin film 
materials, however, were not reported being made by this method. 
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In this report, thin film preparation of both Ba2Ti9O20 and BaTisOn 
by the previosly developed sol-gel technique (9) is presented. Following 
various heat treatments. X-ray diffraction, laser Raman spectroscopy, and 
transmission electron microscopy were used to characterize the resulting 
thin film materials. 
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EXPERIMENTAL PROCEDURE 
Precursor solutions of Ba2Ti9O20 and BaTisOn are prepared based on 
a previously reported study of the synthesis of bulk materials (9). Films were 
spin-coated on the substrates (Integrated Technologies F 6204 Desk-Top 
Spin Coating System) by sequential applications of 0.4 ml (normally three 
repetitions or more were used). Silicon wafers and fused silica plates with 
platinum overlayers were used as substrates. The following conditions 
(planar magnetron sputtering by a Plasmatron Planar Magnetron Sputtering 
System) were used to form the overlayers: 40 W r.f. power, 5 x 10-3 Xorr, 10 
cm^/s Ar, 5 minutes pre-sputtering, and 25 to 40 minutes deposition. After 
the precursor films were spin-coated on the substrates, they were heated 
between 700 to 1100°C to produce the desired thin films. 
During the annealing, in situ laser Raman spectroscopy was used to 
monitor the phase transformation. A resistance-heated boron nitride 
furnace, designed to hold the sample at 75° relative to the optical axis, was 
mounted in the sample chamber of a SPEX Triplemate 1877 spectrometer 
equipped with 1200 groove mm'i gratings and an EG&G Princeton Applied 
Research 1420 silicon diode detector. The 514.5 nm line of an Argon ion 
laser (Spectra Physics model 1833) was used to obtain the spectra. 
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After annealing, the films were also characterized by a Siemens D500 
X-ray diffractometer (Cu-Ka radiation) and a Philips CM-30 scanning 
transmission electron microscope in addition to laser Raman spectroscopy. 
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RESULTS AND DISCUSSION 
Thin films of BaTisOn 
The XRD patterns of thin films prepared from precursor solution with 
Ti/Ba=5 on different substrates are shown in Figure I, 2, and 3. These films 
were annealed above 700°C. For films deposited on silicon wafers (Figure 1), 
the pattern matched that of a powder sample of BaTigOn, indicating that 
thin films of BaTigOi i formed on Si with random orientation. For thin films 
deposited on silicon substrates with a platinum overlayer (Si-Pt substrate), 
the pattern (Figure 2) was similar to that of platinum silicide (Figure 4) 
produced by annealing Si-Pt substrate inside the high vacuum sputtering 
chamber at 650°C. The only difference between these patterns is the 
existence of the Pt (111) peak in the film pattern, which was due to the 
incomplete reaction between Platinum and silicon. BaTigOn was not 
detected by XRD on the Si-Pt substrate. However, from the Raman spectrum 
of the film (Figure 5), the existence of BaTi^On in the film is evident. For 
thin films deposited on fused silica plates with a platinum overlayer (SiOg-Pt 
substrate), the XRD pattern (Figure 3) indicated that thin films of BaTisOn 
with random orientation formed on the substrate although the signal 
intensity was veiy weak. The Raman spectrum of thin films on Si02-Pt 
substrates (Figure 6) also showed that BaTisOn formed on this substrate. 
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Figure 1. XRD pattern of BaTiSOll thin film (12 layers) on a Si substrate. 
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with a Pt overlayer. 
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Figure 3. XRD pattern of BaTiSOll thin film (3 layers) on a fused silica plate 
with a Pt overlayer. 
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Inside vacuumed sputtering chamber. 
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Figure 5. Raman spectra of BaTisOn as powders (collection time = 9 sec) 
and thin film {collection time = 42 min) on a Si substrate with a Pt 
overlayer. 
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Figure 6. Raman spectra of BaTisOi i as powders (collection time = 9 sec) 
and thin film (collection time = 168 sec) on a fused silica plate 
with a Pt overlayer. 
106 
The TEM micrographs for the cross section of a thin film deposited on 
a Si-Pt substrate are shown in Figure 7. The film thickness was measured to 
be around 1100 Â. The film was polycrystalline and was composed of 
columnar grains with size ranging from 500 to 1000 Â. The interface 
between the platinum layer and silicon (Figure 8) was shown to be not 
uniform indicating that the rate of reaction between Pt and Si was not 
uniform across the interface. This was caused by the discontinuity of direct 
contact between Pt and Si due to the existence of Si02 on the Si surface 
(11). This phenomenon caused the interface between the film and Pt to be 
roughened during the annealing. Figure 9 shows the electron diffraction 
pattern of the film. By measuring the smallest spacing between the 
diffraction spots, the d-spacing was determined to be 7.0 Â which 
corresponds to the (020) plane for BaTisOn. This, combined with the lattice 
parameter measured from the lattice fringe in Figure 7 (7.5Â which matched 
to the lattice size for the c-axis) and the Raman spectrum (Figure 5), 
confirmed that the film contained BaTisOn. However, from the spectrum of 
energy dispersive spectrometry (EDS) (Figure 10), the film also contained 
significant amounts of Si. This was probably caused by the diffusion of Si 
through the platinum silicide layer (11). Hence the film deposited on the Si-
Pt substrate was a solid solution of Si and BaTisOn. 
Figure 7, TEM micrograph of the cross section of the BaTigOn thin film on a 
silicon substrate with a platinum overlayer. 
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Figure 8. TEM micrograph of interface morphology between Pt and Si for the 
BaTisOii thin film on a silcon substrate with a platinum 
overlayer. 
uirl so o 
Fgiure 9. Electron diffraction pattern of the BaTisO n thin film on a silcon 
substrate with a platinum overlayer. 
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The TEM micrograph for the cross section of the thin film deposited 
on the Si02-Pt substrate is shown in Figure 11. The film thickness was 
measured to be around 900 Â. Again the film was polyciystalline and was 
composed of columnar grains with the same size range as those on the Si-Pt 
substrate. 
Thin films of Ba2Ti9O20 
The in situ Raman spectra of the thin films of precursor with 
Ti/Ba=4.5 on Si02-Pt substrates at different annealing temperatures are 
shown in Figure 12. Up to 1050°C, the spectra showed that only BaTisOn 
existed, which is consistent with the previous study on the powder sample 
(9). Due to the limitation of the heating material used in the resistance-
heated boron nitride furnace, the in situ Raman characterization could not 
be performed at temperatures higher than 1050°C. 
The XRD patterns of thin films deposited on the Si02-Pt substrate 
annealed at 1100°C for different periods of time are shown in Figure 13. 
From the patterns, the peaks at 3.51 Â and 2.33 Â corresponded to the 
(002) and (003) planes for Ba2Ti9O20- This indicates that the films have a 
strong preferred orientation in the (OOL) direction. In addition to these two 
peaks, the characteristic peak for BaTisOn at 3.17 Â was also present. The 
strong peak at 2.26 Â corresponed to the (111) plane for Pt. It can be seen 
Figure 11. TEM micrograph of the cross section of the BaTigOi i thin film 
a fused silica plate with a platinum overlayer. 
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Figure 12, In situ Raman spectra (collection time=168 sec) of the precursor 
thin film with Ti/Ba=4,5 on a fused silica plate with a platinum 
overlayer annealed at different temperature. 
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from the patterns that the intensity of the 3.17 Â peak decreased and the 
intensities of the (OOL) peaks of Ba2Ti9O20 increased as the heat treatment 
time increased. This indicates that Ba2Ti9O20 was formed at the expense of 
BaTigOii, which is consistent with the previous study of the powder sample 
where the formation of Ba2Ti9O20 was detected after BaTisOn decomposed 
(7,9). However, the formation temperature for Ba2TigO20 thin films is 100°C 
lower than that seen in the powder samples (1200°C). 
The TEM micrograph for the cross section of the thin film annealed at 
1100°C for 36 hours is shown in Figure 14. The film was around 1000 Â 
thick and was polycrystalline. The film again was composed of columnar 
grains with width much larger than those of BaTigOn along the direction 
parallel the surface. The EDS spectrum of the film (Figure 15) showed that 
the film contained only Ba and Ti, which indicated no contamination from 
either Pt or Si02 was present. 
Figure 14. TEM micrograph of the cross section of the Ba2Ti9O20 thin film 
on a fused silica plate with a platinum overlayer. 
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CONCLUSION 
Thin films of both Ba2Ti9O20 and BaTisOn were successfully 
prepared by a previously developed sol-gel process. Randomly oriented 
polyciystalline thin films of BaTisOn were obtained on different substrates 
after a precursor film with Ti/Ba=5 was annealed above 700°C. 
Polyciystalline thin films of Ba2Ti9O20 were produced on fused silica plate 
with platinum overlayers after a precursor film with Ti/Ba=4.5 was heated 
at 1100°C for more than 36 hours, and showed preferred orientation in the 
(COL) direction. 
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SUMMARY AND RECOMMENDATION 
Overall Summary 
1. It has been demonstrated that stable titania sol-barium methoxide 
mixtures of the precursors of the barium titanates with Ti/Ba > 4 can be 
obtained by mixing titania sols produced by the hydrolysis of titanium 
ethoxide in methanol medium with a barium methoxide solution in an ice 
bath. The phase behavior of the compounds obtained by sintering the 
xerogels with Ti/Ba > 4 at different temperatures closely follows the 
phase diagram of Ritter et al. For Ti/Ba = 5. sintering for 4 hours or 
longer at temperatures between 700°C and 1100°C produced a single-
phase material, BaTisOn. For samples with Ti/Ba = 4.5, Ba2Ti9O20 was 
identified as the main phase after only 6 hours of heat treatment at 1200 
°C. Prolonged heating of 2:9 precursors at 1200°C produced single-phase 
Ba2Ti9O20-
2. Thin films of both Ba2Ti9O20 and BaTigOn were successfully prepared by 
the newly developed sol-gel process. Randomly oriented polyciystalline 
thin films of BaTigOn were obtained on different substrates after the 
precursor films with Ti/Ba=5 were annealed above 700°C. Polyciystalline 
thin films of Ba2Ti9O20 were produced on fused silica plates with 
platinum overlayers after the precursor films with Ti/Ba=4.5 were heated 
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at 1100°C for more than 36 hours, and showed preferred orientation in 
the (OOL) direction, 
3. to situ laser Raman spectroscopy of the formation of thin films of 
BaTisOii was successfully performed using Si substrates or fused silica 
plates with Pt overlayers. The intensity of the Raman scattering was 
increased by a factor about 100. Due to the change of the refraction 
index of the film and the incident angle of the laser probe during the heat 
treatment, quantitative Avrami analysis could not be performed. 
Recommendations for Future Work 
In order to apply Avrami analysis using spectral intensity data of in 
situ Raman spectroscopy to study the phase transformation phenomena for 
the sol-gel derived barium titanate thin films, a technique such as the 
internal standard must be developed to evaluate and to calibrate the change 
of enhancement magnitude during the annealing for the developed signal 
enhancement technique, or a new signal enhancement technique which is 
not affected by the properly change of the thin film during the annealing has 
to be developed. 
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